High NaCl rapidly activates p38 MAPK by phosphorylating it, the phosphorylation presumably being regulated by a balance of kinases and phosphatases. Kinases are known, but the phosphatases are uncertain. Our initial purpose was to identify the phosphatases. We find that in HEK293 cells transient overexpression of MAPK phosphatase-1 (MKP-1), a dual-specificity phosphatase, inhibits high NaCl-induced phosphorylation of p38, and that overexpression of a dominant negative mutant of MKP-1 does the opposite. High NaCl lowers MKP-1 activity by increasing reactive oxygen species, which directly inhibit MKP-1, and by reducing binding of MKP-1 to p38. Because inhibition of p38 is reported to reduce hypertonicity-induced activation of the osmoprotective transcription factor, TonEBP/OREBP, we anticipated that MKP-1 expression might also. However, overexpression of MKP-1 has no significant effect on Ton EBP/OREBP activity. This paradox is explained by opposing effects of p38␣ and p38␦, both of which are activated by high NaCl and inhibited by MKP-1. Thus, we find that overexpression of p38␣ increases high NaCl-induced TonEBP/ OREBP activity, but overexpression of p38␦ reduces it. Also, siRNAmediated knockdown of p38␦ enhances the activation of TonEBP/ OREBP. We conclude that high NaCl inhibits MKP-1, which contributes to the activation of p38. However, opposing actions of p38␣ and p38␦ negate any effect on TonEBP/OREBP activity. Thus, activation of p38 isoforms by hypertonicity does not contribute to activation of TonEBP/OREBP because of opposing effects of p38␣ and p38␦, and effects of inhibitors of p38 depend on which isoform is affected, which can be misleading.
C ells in the renal inner medulla are normally exposed to extraordinarily high and variable levels of NaCl. High NaCl induces cell cycle delay (1, 2) , oxidative stress (3), DNA damage (4, 5) , and apoptosis (1, 2) . Hypertonicity, which is caused by high NaCl, activates the transcription factor, TonEBP/OREBP, leading to increased expression of osmoprotective genes like those that code for aldose reductase and the glycine betaine transporter (BGT1) (6) . Surviving TonEBP/OREBP null mice have impaired expression of the osmoprotective genes associated with profound atrophy of the renal inner medulla (7) , illustrating the critical role of TonEBP/OREBP in protection of cells from hypertonic injury.
Several different pathways contribute to signaling hypertonicityinduced activation of TonEBP/OREBP (6) , and the p38 MAPK pathway has received prominent attention in this regard (8) (9) (10) . Studies of yeast first suggested the possible importance of this pathway in mammals. Osmotic signaling in yeast passes through HOG-1, a yeast homolog of p38, and mutants in HOG-1 or of other members in its pathway, inhibit osmoprotection (11) . A similar role for p38 in mammalian cells was suggested by observations that p38 complements HOG-1 mutations in yeast (12) , hypertonicity results in phosphorylation and activation of p38 (12) , and chemical (9) or dominant negative (8) inhibition of p38 reduces the activation of TonEBP/OREBP by hypertonicity. Accordingly, it was concluded that hypertonicity activates p38, which, in turn, contributes to the activation of TonEBP/OREBP. Hypertonicity-induced phosphorylation and activation of p38 is signaled by a MAPK pathway, Rac-MEKK3-MKK3-p38, in association with actin and the scaffolding protein, OSM (CCM2) (13) . Given the probability that the effect of the MAPK to phosphorylate p38 is balanced by opposing effects of phosphatases, our initial purpose was to identify the phosphatases.
A role of MAPK phosphatase-1 (MKP-1) in hyperosmotic activation of p38 was suggested by a study of MKP Ϫ/Ϫ mouse embryonic fibroblasts in which p38 is more active than in MKP ϩ/ϩ mouse embryonic fibroblasts after osmotic stress (14) . In agreement, we found in our present studies that expression of MKP-1 reduces hypertonicity-induced phosphorylation of p38 (see Results), so we anticipated that it would also reduce the hypertonicity-induced activation of TonEBP/OREBP. However, it does not (see Results). At that point we were faced with the question of why some ways of inhibiting p38 reduce the activation of TonEBP/OREBP (8, 9) , but others do not (present study and ref. 15) . Evidently, the role of p38 in signaling hypertonicity in mammalian cells is more complicated than the role of HOG-1 in yeast. One possible difference is that, whereas HOG-1 is the sole isoform in yeast, there are four isoforms of p38 in mammalian cells, p38␣ (often called p38), p38␤, p38␥, and p38␦ (16) . The existence of these isoforms provides a potential complication, especially if more than one is activated by hypertonicity and if their effects differ. This scenario seemed possible because p38␣ enhances IL-1␤-induced inducible NO synthase (iNOS) mRNA expression, whereas p38␤ inhibits it (17) . With this in mind, we examined in detail the roles of two isoforms, p38␣ and p38␦.
p38␣ is ubiquitously expressed in mammalian tissues, whereas p38␦ expression is limited to several organs, including the kidney (16) . p38␣ and p38␦ are coded by different genes and share Ϸ60% amino acid homology (16) . Both become activated upon exposure to hypertonicity (12, 16) . Previous studies of the role of p38 in hypertonicity-induced activation of TonEBP/OREBP used p38 inhibitors that affect only certain isoforms of p38. For example, SB203580, which inhibits hypertonicity-induced activation of TonEBP/OREBP (9), inhibits p38␣ and 38␤, but not p38␦ (16, 18) . Also, a dominant negative p38 that inhibits hypertonicity-induced activation of TonEBP/OREBP is specific for p38␣ (8) . Given the possibility of opposite effects of p38␣ and p38␦, we decided to study their specific roles in detail.
In the present studies we confirm that hypertonicity activates both p38␣ and p38␦. Also, in contrast to the limitation of some other inhibitors of p38 to specific isoforms of p38, MKP-1 inhibits both p38␣ and p38␦. Further, we find that p38␣ and p38␦ have opposite effects on hypertonicity-induced activation of TonEBP/OREBP. p38␣ enhances it, but p38␦ inhibits it. We conclude that inhibition of p38 by MKP-1 does not affect TonEBP/OREBP transcriptional activity because it inhibits the opposing effects of p38␣ and p38␦, resulting in no net change.
Results
Effect of MKP-1 on High NaCl-Induced Phosphorylation of p38. To confirm that protein tyrosine phosphatases (PTPs) are involved in regulation of phosphorylation of p38 in renal cells, we treated mIMCD3 cells with phenylarsine oxide (PAO; 250 nM), a general inhibitor of PTPs. PAO greatly enhances phosphorylation of p38 (Fig. 1A) . It is important to note that the antibody used here does not distinguish phosphorylated p38␣ from phosphorylated p38␦. Then, we tested two PTPs to see whether either might be involved by transiently transfecting cDNAs coding for them into HEK293 cells. Overexpression of Flag-MKP-1 (Fig.  1B) significantly inhibits p38 phosphorylation at both 290 and 500 mosmol/kg (NaCl added) ( Fig. 1 C and D) , whereas overexpression of Flag-MKP-1 dominant negative mutant (active cysteine mutated to serine; Fig. 1B ) does the opposite ( Fig. 1 C  and D) . Neither the WT nor the mutant has a significant effect on abundance of p38 (Fig. 1C) . In contrast, overexpression of the PTP cdc25c has no significant effect on phosphorylation of p38 at either osmolality [supporting information (SI) Fig. S1 ]. We conclude that MKP-1 reduces phosphorylation of p38, but that cdc25c does not.
Effect of MKP-1 on High NaCl-Induced Phosphorylation of p38␣ and p38␦. Knowing that hypertonicity increases phosphorylation of both p38␣ and p38␦ (12, 16) , we next tested whether MKP-1 inhibits their increased phosphorylation. We transiently overexpressed Flag-MKP-1 with either HA-p38␣ or HA-p38␦ in HEK293FT cells (used because they generally have higher transfection efficiency than HEK293) and immunoprecipitated the HA-p38␣ and HA-p38␦, using anti-HA antibody. Overexpression of MKP-1 reduces phosphorylation of HA-p38␣ at 290 mosmol/kg and reduces phosphorylation of both HA-p38␣ and HA-p38␦ at 500 mosmol/kg ( Fig. 2A) . We conclude that MKP-1 inhibits high NaCl-induced phosphorylation of both p38␣ and p38␦.
Effect of MKP-1 on High NaCl-Induced Activation of p38␣ and p38␦.
We next tested whether MKP-1 affects the high NaCl-induced increase of kinase activity of p38␣ and p38␦, as might be expected from its effect on their phosphorylation. As above, we transiently overexpressed Flag-MKP-1 with either HA-p38␣ or HA-p38␦ in HEK293FT cells. Then, we measured the kinase activity of the immunoprecipitated HA-p38␣ and HA-p38␦, using GST-ATF-2 as substrate. We found that overexpression of MKP-1 inhibits high NaCl-induced kinase activity of both p38␣ and p38␦ (Fig. 2B ).
Effect of Antioxidant Treatment on High NaCl-Induced Inhibition of
MKP-1 Activity. High NaCl increases reactive oxygen species (ROS) (3, 19) , and ROS inhibit MKP-1 activity (20) . To determine whether high NaCl inhibits MKP-1 enzymatic activity by increasing ROS, we established stable clones overexpressing Flag-MKP-1 in mIMCD3 cells and measured the phosphatase activity of MKP-1 immunoprecipitated from the cells, using 3-O-methylfluorescein phosphate as substrate. We found that high NaCl inhibits MKP-1 activity, and that this effect is attenuated by treating the cells with the antioxidant, N-acetylcysteine (NAC) (Fig. 3 A and B) . We conclude that the ROS produced in response to high NaCl inhibit MKP-1 activity. We also found that high NaCl reduces binding of Flag-MKP-1 to p38; however, NAC does not affect this binding ( Fig. 3 A and C) .
Mechanism by Which High NaCl-Induced ROS Activate p38. Previous studies (21, 22) showed that NAC inhibits high NaCl-induced phosphorylation of p38. We confirmed this finding in our present studies of mIMCD3 cells (data not shown). It was also previously shown that hypertonicity activates MKK3 (23), which is redoxsensitive (24) . This finding raised the possibility that greater activation of MKK3 might contribute to the ROS-mediated, high NaCl-induced increased phosphorylation of p38. However, NAC has no significant effect on high NaCl-induced phosphorylation osmolality was increased to 500 mosmol/kg (NaCl added) for 2 h ( *** , P Ͻ 0.05 compared with the group pSR␣ at 290 mosmol/kg; ** , P Ͻ 0.05 compared with the pSR␣ group at 500 mosmol/kg, n ϭ 3). and HA-p38␦, measured with ATF-2 as a substrate. * , P Ͻ 0.05 compared with the group pSR␣ at 290 mosmol/kg; ** , P Ͻ 0.05 compared with the pSR␣ group at 500 mosmol/kg, n ϭ 3.
of MKK3/6 (Fig. 3D) , which is not consistent with this hypothesis. We also find that NAC has no significant effect on high NaCl-induced phosphorylation of apoptosis signaling kinase-1 (ASK-1), the kinase upstream of MKK3 (data not shown). We conclude that ROS contribute to hypertonicity-induced phosphorylation of p38 by inactivating MKP-1, not by activating the MAPK cascade.
Effect of High NaCl on Binding of MKP-1 to p38. MKP-1 binds to its substrates (25, 26) . To ascertain whether high NaCl affects binding of MKP-1 to p38, we established clonal lines of mIMCD3 cells that stably express GST, GST-MKP-1, or GST-p38␣. GST-MKP-1 that is pulled down from these cells is accompanied by native p38 (Fig. 4A ) and vice versa (Fig. 4B) . In both cases, elevating osmolality to 550 mosmol/kg by adding NaCl reduces the binding (Fig. 4 A-C) . We were unable to test for an effect of NAC on the binding because it elevates reduced glutathione, which interferes with the GST pull-down. In addition, native p38 that is immunoprecipitated from nontransfected mIMCD3 cells is also accompanied by MKP-1, and high NaCl reduces this association (Fig. 4D) . We conclude that the inhibition of MKP-1 activity that contributes to high NaCl-induced phosphorylation of p38 includes reduced binding of MKP-1 to p38 and direct ROS-mediated inhibition of MKP-1 activity.
Effect of High NaCl on MKP-1 Expression. Acute elevation of NaCl in cell culture medium has no significant effect on MKP-1 protein abundance (Fig. 4E) . TNF-␣ induces aggregation of MKP-1 by increasing ROS. The aggregates appear at Ϸ220 kDa in gels (20) . However, high NaCl, which increases ROS, does not cause aggregation of MKP-1 protein (data not shown). Thus, we find no evidence that high NaCl affects MKP-1 protein expression.
Effect of Overexpression of MKP-1 on TonEBP/OREBP Transcriptional
Activity. Because activation of p38 by hypertonicity is believed to contribute to hypertonicity-induced increase of TonEBP/ OREBP transcriptional activity (8-10), we anticipated that overexpression of MKP-1, which reduces p38 activity (Figs. 1  B-D and 2 ), would reduce TonEBP/OREBP transcriptional activity. However, we do not find that overexpression of either Flag-MKP-1 or the dominant negative Flag-MKP-1 c/s affects the high NaCl-induced increase of TonEBP/OREBP transcriptional activity in HEK293 cells, as measured with an ORE reporter (Fig. 5) . We conclude that MKP-1 does not regulate TonEBP/OREBP transcriptional activity. p38␣ and p38␦ Have Opposite Effects on High NaCl-Induced TonEBP/ OREBP Transcriptional Activity. We questioned whether the lack of effect of MKP-1 on high NaCl-induced TonEBP/OREBP activity could be caused by opposing effects of the p38 isoforms that it inactivates. In agreement with this hypothesis, transient overexpression of GST-p38␣ increases high NaCl-induced TonEBP/ OREBP transcriptional activity (ORE-X; Fig. 6A ), but overexpression of HA-p38␦ reduces it (ORE-X; Fig. 6A ). Nonspecific general effects on transcription are ruled out because they do not occur when using reporters that lack TonEBP/OREBP binding sites (IL-2 minimal promoter; Fig. 6A ). As an additional test, we knocked down p38␦ with siRNAs (Fig. 6B) . Knocking down protein expression of p38␦ by 60% (Fig. 6B, immunoblot) increases high NaCl-induced ORE reporter activity (Fig. 6B) . As a control, the siRNAs have no effect when the DNA sites in the reporter are mutated to prevent binding of TonEBP/OREBP (Mutated ORE reporter; Fig. 6B ). We conclude that p38␣ enhances TonEBP/OREBP transcriptional activity and that p38␦ inhibits it, which explains why there is no net effect when MKP-1 inactivates both of them.
Discussion
PTP2 and PTP3 cocoordinately regulate osmotic activation of the p38 homolog, HOG-1, in Saccharomyce cerevisiae (27) . StyI/Spc1, the functional equivalent of HOG-1 in Schizosaccharomyces pombe, is also regulated by two PTPs, Pyp1 and Pyp2 (27) . Given the high level of conservation of MAPK pathways from yeast to human, it would be surprising if mammalian equivalents of these PTPs do not exist, but their identity has been uncertain. Our initial goal was to identify PTPs that might contribute to the regulation of hypertonicity-induced phosphorylation of p38.
MKP-1 Regulates
High NaCl-Induced Activation of p38. Our attention was directed to MKP-1 because MKP-1 is critical for the inactivation of p38 in mouse embryonic fibroblasts after osmotic stress (14) , and because MKP-1 promotes survival of mouse embryonic fibroblasts by attenuating anisomycin-responsive MAPK-mediated apoptosis (14) . In agreement with these results, we found in our present studies that overexpression of wild-type MKP-1 reduces high NaCl-induced phosphorylation of p38 and dominant negative MKP-1 increases it (Fig. 1 B-D) . Further, high NaCl inhibits MKP-1 activity (Fig. 3 A and B) . Thus, MKP-1 is involved in regulation of hypertonicity-induced phosphorylation of p38.
MKP-1 is the archetypal member of a family that includes 11 MKPs (14) . Regulation of MKP-1 was previously studied extensively with regard to the innate immune response and inflammation (28) . The MKPs contain a conserved PTP domain, characterized by a signature catalytic motif [C(X) 5 R] at the carboxyl terminus. Because of the unique structure of the catalytic domain, the pK a values for the active cysteine residues of MKPs are Ϸ5-6, as opposed to 8 for ordinary cysteines. Under physiological conditions, the thiol group of the active cysteine is a thiolate anion. The thiolate anion is necessary for nucleophilic attack on phosphate groups in the MAPKs and is vulnerable to oxidation. ROS inactivate MKPs by direct oxidation of the thiolate anion to sulfenic acid (20) . High NaCl increases ROS (3, 19) , and the high NaCl-induced ROS directly inhibit MKP-1 ( Fig. 3 A and B) .
Activation of MKPs also involves binding to their MAPK targets (25, 26) . The amino termini of the MKPs are variable, but typically contain two conserved regions with significant homology with the CH2 domain of cdc25 phosphatase (14, 25, 26) . Positively charged arginine residues in the noncatalytic amino terminus of MKP-1 interact with the negatively charged carboxyl terminus of their MAPK substrates via a modular docking surface located between the CH2A and CH2B domains of the MKPs (25, 26) . High NaCl reduces binding of MKP-1 to p38 (Figs. 3 A and C and 4 A-D) . Because binding of MKP-1 to its substrates activates it (25, 26) , dissociation of p38 from MKP-1 should increase phosphorylation of p38. This association of MKP-1 with its p38 substrates is redoxinsensitive ( Fig. 3 A and C) .
p38␣ and p38␦ Are both Activated by Hypertonicity but Have Opposite
Effects on TonEBP/OREBP. High NaCl increases phosphorylation of p38␣ and p38␦ and activates them (Fig. 2) . However, expression of p38␣ increases TonEBP/OREBP activity, but p38␦ inhibits it (Fig. 6A) . Previously, opposite effects of some p38 isoforms had been noted. p38␣ contributes to IL-1␤-induced iNOS mRNA expression, but p38␤ inhibits it (17) . Our present finding of opposing effects of p38␣ and p38␦ on TonEBP/OREBP casts a different light on some previous observations. The p38 inhibitor SB203580 inhibits p38␣ and p38␤, but not p38␦ (16, 18) . SB203580 reduces high NaCl-induced TonEBP/OREBP transcriptional activity, which was interpreted as caused by inhibition of a positive effect of p38 (8, 9) . In view of our present findings the situation evidently is more complicated. We now propose that inhibition of the positive effect of p38␣ by SB203580 unmasks an inhibitory effect of p38␦. Similarly, we propose that reduction of high NaCl-induced TonEBP/OREBP transcriptional activity by a dominant negative mutant of p38␣ (8) also involves unmasking of the inhibitory effect of p38␦. Further, the opposing effects of p38␣ and p38␦ explain why dominant negative MKK3 prevents high NaCl-induced phosphorylation of p38, but does not affect TonEBP/OREBP transcriptional activity (15) . Because MKK3 activates both p38␣ and p38␦ (16, 29) , the dominant negative should reduce both of their activities. In view of our present studies, we would expect that elimination of their opposing effects should not cause any net change in TonEBP/OREBP activity. 6 . p38␣ and p38␦ have opposite effects on high NaCl-induced TonEBP/OREBP transcriptional activity. (A) HEK293 cells were cotransfected with GST-p38␣, HA-p38␦, empty vector pEBG, or pcDNA 3.0 (Control) and with ORE-X or IL-2 minimal promoter reporter. Thirty-two hours later, osmolality was increased to 500 mosmol/kg (NaCl added) for 16 h. Overexpression of GST-p38␣ increases high NaCl-induced ORE-X activity, whereas overexpression of HA-p38␦ decreases ORE-X activity. (B) siRNA-mediated knockdown of p38␦ increases high NaCl-induced TonEBP/OREBP transcriptional activity. As in A, except that HEK293 cells stably expressing ORE or mutated ORE reporters were transfected with control siRNA or specific siRNAs against p38␦. The specific siRNAs, which decrease p38␦ protein expression by 60% (immunoblot), increase high NaCl-induced transcriptional activity. * , P Ͻ 0.05, n ϭ 3-4.
Perspective. We cannot yet ascribe any physiological significance to the opposite effects of p38␣ and p38␦ on TonEBP/OREBP. Most likely, some, as yet unidentified, additional stimuli may affect the hypertonicity-induced activation of one or the other, fine-tuning the activity of TonEBP/OREBP to an optimal level. In any event, because p38 isoforms can have different effects, it is necessary when inhibiting p38 to distinguish which isoforms are affected and what are the actions of the isoforms. Otherwise, incomplete or misleading interpretations can be reached.
Materials and Methods
Cells, Cell Culture, and Chemicals. Murine inner medullary collecting duct cells (mIMCD3) (30) , generously provided by S. Gullans (Harvard University, Boston), were cultured in DMEM/Ham's F-12 low glucose (1:1) containing 10% FBS and 2 mM L-glutamine in 5% CO2/95% air at 37°C and used between passages 14 and 20. HEK293 cells and HEK293FT cells, purchased from ATCC, were incubated in Eagle's MEM plus 10% FBS in 5% CO 2/95% air at 37°C and used between passages 38 and 48. The initial osmolality of media was 300 mosmol/kg for mIMCD3 cells and 290 mosmol/kg for HEK293 cells. All experiments were performed on subconfluent cells. PAO was purchased from Calbiochem, and all other chemicals were purchased from Sigma. PAO (1 M) was dissolved in DMSO. NAC (300 mM) was dissolved in water.
Plasmids, siRNAs, and Transfections. Flag-tagged full-length rat MKP-1 expression vector pSR␣-Flag-MKP-1 and its dominant negative mutant with the active cysteine mutated to serine pSR␣-Flag-MKP-1 C/S, HA-tagged p38␣ expression vector pSR␣-HA-p38␣, GST-tagged full-length rat MKP-1, p38␣ expression vectors (pEBG-Srf I-MKP-1, pEBG-Srf I-p38␣), and empty vector (pEBG-Srf I) were constructed as described (25, 31) . Myc-tagged human Cdc25c cDNA and its mutant cloned into pcDNA3.1 (Invitrogen) (32), were kindly provided by H. Piwnica-Worms (Washington University, St. Louis) through T. Finkel (National Heart, Lung, and Blood Institute). HA-tagged human p38␦, kindly provided by O. Livnah (Hebrew University, Jerusalem), was cloned into pcDNA3.0 (18) . ORE-X, IL-1 minimal promoter, ORE, and mutated ORE luciferase reporters have been described (19) . siRNAs against human p38␦ (FlexiTube with the material number 1027415) were purchased from Qiagen. The control siRNA has been described (33) . Transient transfection of plasmids into HEK293 cells and HEK293FT cells used Effectene, according to the manufacturer's protocol (Qiagen). In some cases, the plasmids were also reversetransfected into HEK293 cells (cells added to plasmids and Effectene, rather than vice versa). Reverse transfection of siRNAs into HEK293 cells used Lipofectamine 2000 with the recommended ratio of siRNA to Lipofectamine 2000 (Invitrogen).
To get stable expression, Flag-MKP-1, GST-MKP-1, and GST-p38 vectors were transfected into mIMCD3 cells together with pcDNA 3.0 (10:1), using Lipofectamine 2000 (Invitrogen). Selection was initially made with 600 g/ml G418, then the cells were maintained in 200 g/ml G418. Positive clones were identified by immunocytochemistry (34) .
Immunoprecipitation and GST Pull-Down. Flag-MKP-1 was immunoprecipitated from mIMCD3 cells stably expressing it. Osmolality was raised from 300 to 550 mosmol/kg by adding NaCl for 30 min, then the cells were washed once with ice-cold PBS, adjusted to the same osmolality as the medium by adding NaCl, and lysed on ice with a buffer containing 30 mM Tris⅐HCl (pH 7.5), 5 mM EDTA, 50 mM ␤-glycerolphosphate, 10% glycerol, 1 mM ␤-mercaptoethanol, 1% Triton X-100, and plus protease inhibitor, 1 tablet to 10 ml) (31) . Protein concentration was determined with BCA. Cell extracts were precleared with rabbit IgG plus Protein A/G-PLUS Agarose (Santa Cruz Biotechnologies) at 4°C for 1 h and then incubated with anti-Flag antibody-Protein A/G-PLUS Agarose at 4°C overnight. The agarose beads were washed once with lysis buffer and twice with MKP-1 activity assay buffer. The beads were divided to measure separately MKP-1 activity and MKP-1 protein by Western analysis. Native p38 was immunoprecipitated from mIMCD3 cells with a mAb (Cell Signaling Technology). HA-p38␣ and HA-p38␦ were immunoprecipitated from transiently transfected HEK293FT cells. The cells were cotransfected with Flag-MKP-1 plus either HA-p38␣ or HA-p38␦ for 48 h before increasing osmolality to 500 mosmol/kg by adding NaCl for 30 min. The cells were collected in the lysis buffer provided with the p38 Kinase Assay Kit (Cell Signaling Technology) plus protease inhibitor mixture tablet (Roche), 2.5 M NaF, and 2.5 M Na3VO4. HA-p38␣ and HA-p38␦ were immunoprecipitated with biotinylated goat anti-HA antibody (GenScript) on streptavidin-conjugated magnetic Dynabeads M-280 (Invitrogen).
GST pull-down of recombinant GST, GST-MKP-1, and GST-p38 was as described (31) . Cells were washed once with ice-cold PBS, then lysed as in the immunoprecipitation of Flag-MKP-1. Cell extracts were incubated with Glutathione Sepharose High Performance beads (Amersham Biosciences) at 4°C overnight with gentle shaking. Then, the beads were washed with lysis buffer four times. Proteins were eluted with 50 mM Tris⅐HCl (pH 8.0), 10 mM glutathione, and 10 mM ␤-mercaptoethanol.
Western Analysis, p38 Activity, and Antibodies. After treatment, cells were washed once with ice-cold PBS adjusted to the osmolality of the medium by adding NaCl. The samples were collected and analyzed by Western analysis (35) . The activities of HA-p38␣ and HA-p38␦ were measured with a p38 MAPK assay kit (Cell Signaling Technology), according to the manufacturer's protocol. All antibodies for Western analysis were purchased from Cell Signaling Technology, except for the antibody against MKP-1, which was from Upstate.
Luciferase and MKP-1 Activities. Luciferase activity was measured as before (19) . Flag-MKP-1 was immunoprecipitated and washed as described above. The immunoprecipitates were incubated in an assay buffer containing 30 mM Tris⅐HCl (pH 7.5), 75 mM NaCl, 0.5 mM EDTA, 5 mM 2-mercaptoethanol, 0.04% BSA, and 20 M 3-O-methylfluorescein phosphate at 37°C for 5 h in a black 96-well plate (36) . Fluorescence emission from the reaction was measured in a Victor 3 1420 multilabel counter with excitation at 485 nm and emission at 530 nm.
Statistics. Data are expressed as mean Ϯ SEM. Analyses were performed by paired t test. P Ͻ 0.05 is considered significant.
